T cell responses. Moreover, LAIV but not IIV generated lung CD4 + TRM and virus-specific CD8 + TRM, similar in phenotype to those generated by influenza virus infection. Importantly, these vaccine-generated TRM mediated cross-strain protection, independent of circulating T cells and neutralizing antibodies, which persisted long-term after vaccination. Interestingly, intranasal administration of IIV or injection of LAIV failed to elicit T cell responses or provide protection against viral infection, demonstrating dual requirements for respiratory targeting and a live-attenuated strain to establish TRM. The ability of LAIV to generate lung TRM capable of providing long-term protection against nonvaccine viral strains, as demonstrated here, has important implications for protecting the population against emergent influenza pandemics by direct fortification of lung-specific immunity.
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Introduction
Influenza virus is a severe, acute respiratory pathogen with the potential to generate novel strains capable of global pandemics. Current vaccines protect against disease by eliciting neutralizing antibodies to the strain-specific glycoproteins hemagglutinin (HA) and neuraminidase (NA). Such neutralizing antibodies are the correlate of protection by which current vaccines are assessed (1, 2) . However, antigenic shift and drift drive alterations in these molecules, limiting protective efficacy of antibody responses and necessitating the annual production of new vaccines (2) . Developing vaccines that provide universal protection to current and emerging influenza strains remains a major public health challenge. Influenza infection generates both lasting antibody and T cell responses (3) . While antibody responses are strain dependent, virus-specific T cells recognize epitopes derived from conserved internal viral proteins in both mice and humans (4) (5) (6) and have been shown to provide heterosubtypic, cross-strain protection in animal models (3, 7) . Promoting T cell-mediated protection through vaccination, however, has remained elusive, and the precise subsets involved in protection are still being defined. We and others have identified subsets of noncirculating, lung tissue-resident memory (TRM) CD4 + and CD8 + T cells generated following influenza infection; these cells mediate enhanced viral clearance, survival to lethal challenge, and protection to heterosubtypic challenge (8) (9) (10) . Establishment of TRM, which mediate protection against site-specific infection, has also been described in other tissues, including the skin, female reproductive tract, and brain (11) (12) (13) (14) . The protective capacities of TRM suggest that vaccination strategies targeting their generation and persistence may provide enhanced immunity compared with vaccines relying on circulating responses. However, roles for circulating versus tissue-localized immunity in vaccine-mediated protection remain undefined.
Two classes of influenza vaccines are currently available: injectable inactivated influenza (IIV) vaccines and live-attenuated influenza (LAIV) vaccines administered i.n. Both generate HA-specific neutralizing antibodies and exhibit similar protection against influenza-like illness (1, (15) (16) (17) (18) , with LAIV more effiTissue-resident memory T cells (TRM) are a recently defined, noncirculating subset with the potential for rapid in situ protective responses, although their generation and role in vaccinemediated immune responses is unclear. Here, we assessed TRM generation and lung-localized protection following administration of currently licensed influenza vaccines, including injectable inactivated influenza virus (IIV, Fluzone) and i.n. administered live-attenuated influenza virus (LAIV, FluMist) vaccines. We found that, while IIV preferentially induced strain-specific neutralizing antibodies, LAIV generated lung-localized, virus-specific T cell responses. Moreover, LAIV but not IIV generated lung CD4 + TRM and virus-specific CD8 + TRM, similar in phenotype to those generated by influenza virus infection. Importantly, these vaccine-generated TRM mediated cross-strain protection, independent of circulating T cells and neutralizing antibodies, which persisted longterm after vaccination. Interestingly, intranasal administration of IIV or injection of LAIV failed to elicit T cell responses or provide protection against viral infection, demonstrating dual requirements for respiratory targeting and a live-attenuated strain to establish TRM. The ability of LAIV to generate lung TRM capable of providing long-term protection against nonvaccine viral strains, as demonstrated here, has important implications for protecting the population against emergent influenza pandemics by direct fortification of lung-specific immunity.
cacious in children (19) . Whether protective influenza-specific T cells are generated in humans following vaccination has been difficult to establish (20, 21) . Moreover, it is not known whether influenza vaccines promote TRM development in humans or animal models.
Here, we evaluated the capacity of currently used quadrivalent Fluzone IIV or FluMist LAIV vaccines to promote lung T cell responses and protective TRM. We found that vaccination with LAIV, but not IIV, elicited robust lung T cell responses, while IIV promoted primarily neutralizing antibody responses as observed by hemagglutination-inhibition assay (HAI). Importantly, LAIV -but not IIV -elicited the establishment of long-term, virus-specific lung TRM and provided heterosubtypic protection to nonvaccine viral strains similar to previous influenza infection. Vaccine-mediated lung T cell responses and protection required both the live-attenuated strain and respiratory targeting, revealing a requirement for site-specific productive infection for establishing lung TRM. Our findings demonstrate that LAIV may be an effective strategy to generate influenza-specific lung TRM capable of cross-strain protection in a pandemic situation. We further investigated whether the increased lung T cell response from LAIV, compared with IIV, was due to direct targeting of vaccine into the respiratory tract. We found that respiratory targeting of IIV by i.n. administration did not generate increased numbers of lung or MedLN CD3 + T cells (Supplemental Figure 2A ) or increased percentages of CD69 + or CD44 hi effector/memory CD4 + and CD8 + T cells as observed with i.n. LAIV ( Figure 1D and Supplemental Figure 2B ), indicating that mucosal administration alone is not sufficient to promote lung T cell responses. Similarly, systemic i.p. administration of LAIV failed to promote lung T cell responses ( Figure 1D and Supplemental Figure 2B ). These results demonstrate that both the live-attenuated vaccine formulation and respiratory targeting are required for the generation of lung-localized primary T cell responses.
Results

Distinct localization of primary responses generated from vaccination
Our + T cells in the lung, which was not observed in IIV-vaccinated or unvaccinated mice ( Figure 1E ). Together, these results demonstrate that i.n.-administered LAIV generates influenza-specific primary lung T cell responses, while IIV immunization does not result in significant lung-localized primary responses, even when delivered directly into the lung.
Serum neutralizing antibody responses, as measured by HAI, are currently the gold standard for assessing vaccine efficacy with titers greater than or equal to 40 generally protective against homologous infection in humans (26) . Given the disparate primary T cell responses to vaccination with IIV and LAIV, we further assessed serum HAI titers during the primary response at day 10 after vaccination with 2014-2015 IIV or LAIV by different routes. Significant HAI titers were only observed in mice administered IIV by i.p. or s.c. vaccination, with minimal titers in i.n. IIV recipients or in i.n. or i.p. LAIV-vaccinated mice ( Figure 2, A and B) , demonstrating the importance of both vaccine formulation and route of vaccination in this response. For the 2015-2016 formulations, HAI titers were higher in mice vaccinated with i.p. IIV compared with i.n. LAIV ( Figure 2C ). Titers were generally higher in mice vaccinated with 2015-16 LAIV compared with 2014-15 LAIV on an absolute scale, although the lack of concurrent availability of both seasonal vaccines precluded direct comparisons. Taken together, IIV and LAIV generate dichotomous primary immune responses with IIV inducing predominantly humoral immunity and LAIV generating robust T cell-mediated responses targeted to the lung.
LAIV generates persisting lung TRM. We next assessed whether immunization with IIV or LAIV generated persisting lung TRM assessed at longer times (>6 weeks) after vaccination. To distinguish circulating T cells from tissue-localized TRM, we used an i.v. in vivo antibody labeling technique (i.v. Ab) whereby i.v. infusion of fluorescently conjugated anti-T cell antibodies resulted in fluorescent labeling of circulating T cells, while T cells retained within tissues are protected from antibody binding (9, 27) . "Protected" and "labeled" T cells distinguished by i.v. Ab binding exhibit phenotypic markers of TRM and circulating T cells, respectively, and segregate into distinct niches of the lung (9, 27) . Using this technique, we found that the majority of lung CD4 + and CD8 + T cells (>75%) in mice vaccinated with LAIV were protected from i.v. Ab labeling compared with only 20% protected in IIV-vaccinated mice and 5% protected in unvaccinated mice, on average ( Figure 3A) . The majority of lung T cells in IIV and unvaccinated groups were labeled, indicating that they comprised circulating subsets ( Figure 3A) . Similar patterns of lung T cell segregation to protected and labeled niches were observed following vaccination with both 2014-2015 and 2015-2016 IIV and LAIV formulations (data not shown). Protected CD4 + and CD8 + T cells in the lungs of mice vaccinated with LAIV were present in similar numbers and upregulated the TRM marker CD69 to similar extents as those resulting from live PR8 influenza infection (Figure 3, B-D ). These results demonstrate that TRM generated following vaccination with LAIV are similar in phenotype and localization to those generated from influenza infection.
We further investigated whether LAIV-generated CD8 + TRM cells also expressed the canonical CD8 + TRM marker CD103 and/or were enriched for influenza-specific T cells as observed following influenza infection (8, 9, 28) . Protected CD8 + TRM generated following vaccination with LAIV expressed CD103, while lung T cells in mice vaccinated with IIV were CD103-negative ( Figure 3D ). In addition, NP-specific lung CD8
+ memory T cells were readily detected in mice vaccinated with LAIV, but not IIV, and nearly all of these NP-specific cells were protected from i.v. Ab labeling ( Figure 3E ), indicating that they belonged to the TRM subset. Thus, vaccination with LAIV, but not IIV, generates lung-localized memory CD4 + and influenza-specific CD8 + TRM populations. Persisting serum HAI antibody titers specific for vaccine viral strains were detected in the sera of mice 6 weeks after vaccination with IIV and LAIV (Table 1, columns 1 and 2). Vaccination with IIV generated higher titers than LAIV for both 2014-2015 and 2015-2016 formulations (Table 1 , columns 1 and 2). We did not detect neutralizing HAI titers specific for the nonvaccine influenza strains PR8 or X31 in any of the vaccinated mice at any time point (Table 1, + T cells ± SEM (n = 3-5 mice per group; significance determined by 1-way ANOVA with Holm-Sidak's multiple comparisons test, ***P < 0.001).
high levels of durable, strain-specific antibodies induced by IIV, while LAIV promotes TRM in addition to neutralizing antibodies.
LAIV-generated TRM mediate heterosubtypic protection. In order to assess whether vaccine-generated, lung-localized memory T cell responses were protective, we challenged mice vaccinated with IIV and LAIV with X31 or PR8 heterosubtypic strains of influenza virus. These stains are known to be serologically distinct from the vaccine strains, and vaccinated mice lack neutralizing antibodies to X31 and PR8 HA (Table  1) . To specifically assess TRM-mediated protection independent from that mediated by circulating T cells, we treated mice throughout infection with the sphingosine 1-phosphate receptor-1 agonist FTY720, which sequesters circulating T cells within the secondary lymphoid tissues, while TRM within the lung remain intact (9) . We also challenged PBS-treated, vaccinated mice to assess total T cell-mediated protection from Right: Mean percentage weight retention in infected animals with daily FTY720 treatment ± SEM (n = 5 mice per group; significance determined by multiple Student's t tests comparing i.n. LAIV-vaccinated with other recipient groups with the least significant P value reported, ***P < 0.001, **P < 0.01, *P < 0.05). TCID 50 , 50% tissue culture infective dose. both resident and circulating subsets.
Following X31 challenge, mice vaccinated with LAIV (and mice previously infected with PR8 influenza as a positive control) were fully protected from morbidity of infection as measured by weight loss in both PBS-and FTY720-treated groups. In contrast, mice vaccinated with IIV and unvaccinated mice exhibited similar kinetics of weight loss and recovery over 7 days after challenge in PBS-treated groups; however, in FTY720-treated groups, recovery was only observed by IIV-immunized mice, while unvaccinated mice exhibited worsening morbidity throughout the infection course ( Figure 4A ). These results demonstrate that vaccination with LAIV protects from morbidity of infection independent of circulating lymphocytes, while IIV does not, although it may shorten the disease course compared with naive mice.
In terms of lung viral clearance, mice vaccinated with LAIV exhibited enhanced lung viral clearance in both PBS-and FTY720-treated groups ( Figure 4B ), indicating that protection is independent of circulating responses. By contrast, mice vaccinated with IIV exhibited viral clearance in PBS-treated but not FTY720-treated groups ( Figure 4B ), suggesting that, while the circulating T cell response induced by IIV (29, 30) could provide a degree of protection, lung-resident protection was not generated. Additionally, targeting IIV to the lung through i.n. administration did not result in protection in either FTY720-or PBS-treated mice, demonstrating that respiratory targeting of antigen alone -even in the form of inactivated, split virions -does not promote long-term protective immunity ( Figure 4C) .
We further investigated the breadth and persistence of lung-specific protection generated by LAIV. Mice vaccinated with LAIV (and treated with FTY720) were also protected against challenge with PR8 influenza (Supplemental Figure 4, A and B) , and this protection persisted 45 weeks (10 months) after vaccination (Supplemental Figure 4C) . Furthermore, vaccination with 2015-2016 LAIV or IIV resulted in a similar pattern of lung-specific protection in the presence of FTY720, with LAIV providing enhanced protection from weight loss compared with IIV (Supplemental Figure 4D) . Together, these results demonstrate that LAIV generates long-term lung-localized protection to multiple influenza virus strains.
We investigated whether the putative TRM-mediated protection to heterosubtypic challenge in FTY720-treated, vaccinated mice was associated with a virus-specific recall response in the lung. We detected substantial percentages (>30%) of influenza-specific CD8 + T cells in the lung at early time points after heterosubtypic challenge with PR8 or X31 in mice vaccinated with LAIV. In contrast, low to negligible virus-specific CD8 + T cells were observed in the lungs of similarly challenged IIV-vaccinated or unvaccinated mice ( Figure  5, A and B) . The preferential mobilization of a lung-localized influenza-specific CD8 + T cell recall response in LAIV, compared with IIV-vaccinated mice, was observed with both 2014-2015 and 2015-2016 vaccine formulations ( Figure 5, A and B) , as further evidence that i.n.-administered live-attenuated vaccines promote lung TRM. Taken together, these results demonstrate that LAIV promotes generation and long-term persistence of lung TRM capable of controlling both viral load and preventing infection morbidity.
Discussion
The identification of TRM and their robust protective capacities to site-specific infections has provided a new paradigm by which to assess T cell-mediated responses (31) and an important new target for vaccine design (14, 32) . Here, we compared the ability of commercially available influenza vaccines Fluzone Quadrivalent Table 1 IIV, and FluMist Quadrivalent LAIV to generate lung T cell responses and establish protective lung TRM. We demonstrate that vaccination with LAIV elicits lung CD4 + and virus-specific CD8 + T cell responses and ultimately establishes lung TRM capable of providing long-term, heterosubtypic protection to multiple, nonvaccine influenza strains. In contrast, vaccination with IIV generates durable, strain-specific humoral immunity but does not promote the establishment of significant lung TRM or heterosubtypic protection. Our results have important implications in the testing, monitoring, and administration of different influenza vaccine formulations for promoting protection from seasonal and pandemic strains.
Influenza-specific T cells in mice and humans recognize conserved internal viral proteins that are similar in diverse serotypes (4, 33) and could therefore promote universal protection to new and emerging influenza strains -the ultimate goal of a successful influenza vaccine. Importantly, mouse studies of T cell-mediated protection now indicate that the tissue location of persisting memory T cells greatly impacts their protective capacities. Lung TRM have been shown to provide enhanced protective immunity to influenza infection compared with circulating T cells (8) and are necessary for effective heterosubtypic protection (10) . These findings raise the question of whether vaccines can promote TRM-mediated longterm immunity -an issue that is not currently possible to address in humans. By administering clinically available influenza vaccines (IIV and LAIV) to mice, we were able to recapitulate the distinct systemic humoral responses observed in humans, with IIV promoting enhanced HAI titers compared with LAIV (15) (16) (17) (18) , indicating that this system may provide an effective model by which to examine potential TRM formation to vaccines.
Factors necessary for the establishment of TRM are not currently well understood. Both the route of antigen encounter and the nature of the antigen itself may play critical roles in this process. Recent vaccine studies have demonstrated that mucosal administration of antigen is important for the establishment of localized T cell responses, which may go on to establish TRM (14, 32, (34) (35) (36) (37) . We found that a single i.n. vaccination with LAIV from either 2 seasonal vaccine formulations was sufficient to generate lung CD4 + and CD8
+ TRM enriched in influenza-specific T cells, which provided long-lasting protection to heterosubtypic challenge. By contrast, vaccination with IIV by systemic or i.n. routes was not sufficient to promote lung TRM generation or lung-specific protection from infection. Moreover, systemic administration of + T cells ± SEM (n = 5-9 mice per group; significance determined by 1-way ANOVA with Holm-Sidak's multiple comparisons test, ****P < 0.0001, *P < 0.05).
LAIV did not generate lung TRM, indicating an essential role for tissue targeting. These results demonstrate that a site-specific infection is necessary for TRM generation, while antigen introduced at the tissue site, even in the context of the pathogen-associated molecular patterns (PAMPs) present within inactivated virus preparations for activation of innate immunity, was not sufficient for TRM establishment.
Our influenza challenge studies with FTY720 treatment indicate that LAIV-mediated protection is targeted to the lung and can occur independent of circulating T cell responses or infiltration from the lymphoid tissue. The enrichment of significant influenza-specific lung memory CD8 + T cells following heterosubtypic influenza challenge in FTY720-treated, LAIV-vaccinated mice ( Figure 5 ) suggests in situ expansion of influenza-specific lung TRM. Focused, local responses by TRM involving rapid cytokine production have been reported in skin and the female reproductive tract following secondary challenge (14, (38) (39) (40) , although expansion was not assessed in those studies. We propose that local and limited expansion of lung TRM may be responsible for the enhanced viral clearance and protection from morbidity of infection that we observed in mice vaccinated with LAIV.
While studies of TRM generation and protection have been limited to mouse models, TRM-phenotype cells are present in human lymphoid and mucosal tissues and represent the majority of memory T cells in tissues (41, 42) . Moreover, analysis of human lung samples has revealed that influenza-specific memory T cells are present in most healthy humans (43, 44) , with a proportion of these lung virus-specific T cells expressing CD69 (9), representing putative TRM. Whether TRM in human lungs are generated in response to infection or vaccination, however, is unknown. In general, studies of human influenza-specific T cell responses to infection and vaccines have largely been limited to the analysis of peripheral blood subsets. Circulating virus-specific T cells in the peripheral blood of children were detected following LAIV but not IIV vaccination (19, 20) , although whether such responses provide protection is unclear. In human influenza infection, the presence of virus-specific CD4 + T cells in circulation has been correlated to reduced overall disease severity (45) . Whether circulating T cell responses predict lung TRM generation will be important to establish in order to improve vaccine response monitoring.
We propose that assessing the relative contribution of TRM versus systemic T cells and humoral responses for clinical vaccine strains in a mouse model can be informative for predicting protective efficacy required for different conditions of seasonal or pandemic infections. Our findings here highlight the differing mechanisms of protection between LAIV and IIV vaccines and establish TRM as an important correlate of vaccine-mediated protection to influenza virus, with potential implications for the design of a universal influenza vaccine.
Methods
Mice. Female 6-to 8-week-old C57BL/6 mice (Charles River Laboratories) were purchased. Vaccination, infection with influenza virus, and maintenance under specific pathogen-free conditions occurred in a BSL-2 biocontainment facility within CUMC animal facilities.
Reagents In vivo antibody labeling and flow cytometry. For in vivo antibody labeling, naive or vaccinated mice were given 3 μg PE-conjugated anti-Thy1.2 antibody (clone 53-2.1) i.v. and allowed to rest for 10 minutes. Lungs were then perfused with PBS and collected, and cells were isolated by mechanical disruption with collagenase digestion as described (9) . In heterosubtypic infection experiments, right lung lobes were collected and homogenized for viral titer analysis, left lobes were collected and collagenase digested, and cells were isolated for flow cytometric analysis as described (9) . Cells were stained with fluorochrome-conjugated antibodies or NP 366-374 tetramer reagent and analyzed using an LSRII flow cytometer (BD Biosciences), and data were assessed using FlowJo software (Tree Star Inc.).
Viral titers. Influenza titers in lung homogenates were measured by a 50% tissue culture infective dose (TCID 50 ) assay as described (46), with titers expressed as the reciprocal of the dilution of lung extract that corresponded to 50% virus growth in Madine-Darby canine kidney (MDCK) cells, as calculated by the Reed-Muench method.
Hemagglutination inhibition assay. Serum neutralizing antibodies titers were measured by HAI as previously described (47) . In brief, serum was collected by cardiac puncture and then treated overnight with Receptor Destroying Enzyme (Denka Seiken). Treated serum was serially diluted, incubated with vaccine antigen (2014-2015 or 2015-2016 Fluzone to match the formulation used for vaccination) or PR8 or X31 whole virus particles as HA sources; it was then incubated with 0.5% chicken red blood cells (Lampire). Titers were expressed as the reciprocal of the last dilution of serum that completely inhibited hemagglutination.
Statistics. Analyses were performed with Prism (GraphPad Software). Results are expressed as the mean value from individual groups ± SEM, unless otherwise designated, indicated by error bars. Significance between experimental groups was determined by 1-or 2-way ANOVA or Student's t test and corrected for multiple comparisions as indicated, assuming a normal distribution for all groups.
Study approval. All animal studies and procedures were conducted according to the NIH guidelines for the care and use of laboratory animals and were approved by the CUMC IACUC.
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